Effective recognition of enzymatically active tetrameric acetylcholinesterase (AChE) was accomplished by a hybrid nanofilm composed of a propidium-terminated self-assembled monolayer (Prop-SAM) which binds AChE via its peripheral anionic site (PAS) and an ultra-thin electrosynthesized molecularly imprinted polymer (MIP) cover layer of a novel carboxylate-modified derivative of 3,4-propylenedioxythiophene. The rebinding of the AChE to the MIP/Prop-SAM nanofilm covered electrode was detected by measuring in situ the enzymatic activity. The oxidative current of the released thiocholine was dependent on the AChE concentration from ca. 0.04 µM to 0.4 µM. An imprinting factor of 9.9 was obtained for the hybrid MIP, which is among the best values reported for protein imprinting.
Introduction
Molecularly imprinted polymers (MIPs) have been successfully developed for low molecular weight substances by polymerizing functional monomers in the presence of a target molecule, the template. [1, 2] Upon removal of the template, cavities complementary to the template in shape, size and functionality are left behind. The application of this simple concept for complex macromolecular templates like proteins however is still a challenge (see for details Supporting Information). [3] [4] [5] [6] An essential prerequisite to generate protein MIPs is to ensure the effective exchange of the target molecule between the polymer and solution phase. Most often this converts in having the protein binding sites confined to the surface of the MIPs by using surface imprinting techniques. [7] [8] [9] [10] [11] [12] [13] Uniform orientation of the templates during polymerization is a second prerequisite to generate homogeneous binding sites for proteins and reducing the cross-reactivity of the respective MIPs. [6, 14] For this purpose the template should be bound via a sitespecific affinity ligand to the surface, where, as template either the whole protein or a fragment of it (epitope-imprinting) could be used. [15] [16] [17] [18] [19] Both approaches could be successfully demonstrated by our group for the imprinting of Cytochrome c as well as the lectin concanavalin A. [20, 21] In this respect we have worked out electropolymerization strategies for the generation of ultra-thin MIP films with nanometer precision -based on controlling the charge passed for the film formation -to perfectly match the dimensions of the harbored template proteins. Such electrosynthesized MIPs are inherently compatible with a wide range of transducers.
However, in spite of large efforts, the overall analytical performance of MIPs still lags behind that of antibodies and enzymes, which calls for new strategies and monomers. In this respect here we propose the combined use of a hybrid multilayered architecture for selective protein recognition that consists of an ultrathin protein-imprinted polymer film deposited over a layer of specific receptor. This approach may be used to modulate the selective access of template proteins to a receptor and as such to discriminate between different forms and associations of the target proteins. We show the proof of concept by synthesizing a novel hybrid material for the recognition of acetylcholinesterase (AChE) in which electrosynthesis is used to generate an ultrathin imprinted cover layer to regulate the access of proteins to a surface confined propidium underlayer that is known to bind to the peripheral anionic site (PAS) of AChE. [22] The application of a weak inhibitor such as propidium to orientedly bind AChE via its PAS while the enzymatic activity is conserved is a major advantage as compared with the state of the art for protein-MIPs. [23] Furthermore, a novel functional monomer is introduced, i.e., a carboxylate-modified derivative of 3,4-propylenedioxythiophene (ProDOT-COOH) (see Supporting Information for the synthesis). At pH = 8, optimal for the activity of AChE, the non-specific interactions with AChE are largely suppressed due to charge repulsion between the negatively charged ProDOT-COOH polymer and
This hybrid nanofilm is intended as the first step toward a sensor for the indication of different AChEspecies as potential early diagnostic markers of Alzheimer´s disease (AD). [24] Progression of AD is accompanied by an alteration in AChE activity and a change in the glycosilation-pattern. [25] Therefore, a sensor-system that can effectively detect AChE, discriminate between its differently glycated isoforms and simultaneously determine the enzymatic activity would be of great interest. The homotetrameric AChE from electric eel (Electrophorus electricus, PDB-code: 1C2O) is used in this study as a model template since it shares a high sequence similarity of 88.5 % with the human AChE, which also exist mostly as homotetramer in the brain (see Supporting Information).
Results and Discussion
For the preparation of the hybrid recognition-layer first the self-assembled monolayer with terminal propidium units (Prop-SAM) was formed on a gold electrode to which the template AChE is docked via its PAS (Scheme 1). Then ProDOT-COOH monomer is electropolymerized under charge control to form a conformal polymer film around the oriented AChE templates with precisely defined thickness, which is smaller than the template diameter to enable its free exchange, but thick enough to hold the imprint of AChE. [13, 26, 27] This tailored synthesis of the hybrid recognition layer with nanometer precision is surprisingly easy to control and more robust than many surface imprinting procedures including transfer of ultra-thin membranes, stamping, and template synthesis of micro-and nanostructures. [10, 12, 16, 28, 29] The average thickness of the MIP films (5.0 ± 0.4 nm) was significantly larger than that of the respective control polymer (NIP) films (1.7 ± 0.5 nm) as determined by atomic force microscopy (AFM).
The thicknesses could be very precisely determined by removing a rectangular area of the polymer film using the AFM tip in nanolithography mode and then rescanning the same surface in tapping mode to determine the step height of the trench (see Figure S1 and S2). Obviously, the AChE molecules are only partially entrapped by the polymer layer because the protein (13.2 x 13.2 x 5.5 nm) is almost twice as large as the average thickness of the MIP. [30] We have further used AFM to confirm the removal of the template from the MIP as well as its rebinding. For this purpose a glycine-HCl buffer (pH 2.2) was used as it may -besides disrupting hydrogen bonds -facilitate the removal of the template by supporting the dissociation of the noncovalently connected dimeric subunits. [30] AFM measurements ( Figure 1 ) showed a marked difference in the surface topography of the MIP before and after removal of AChE. Analyzing line profiles of the recorded AFM images ( Figure S3 ) it was found that the removal of the template leaves behind well distinguishable "cavities". Upon template rebinding these cavities disappeared resulting additionally in the apparition of peaks with an average height of 8.1 (± 2.1) nm (determined from representative areas of three different MIP-modified electrodes). Accounting also for the depth of the "cavities" (ca. 2 nm) that seem to be filled up during template rebinding the ca. 10 nm height objects can be assigned to be AChE molecules or cluster of molecules as the lateral resolution of the technique is not sufficient for further substantiation.
The presence of active AChE in the electropolymer-covered, AChE-loaded SAM was confirmed by monitoring the enzymatic generation of electroactive thiocholine from acetylthiocholine (ATC) at a potential of 0.3 V (vs. Ag/AgCl) (Scheme 1). [31] The amperometric signal of the NIP after electropolymerization is very low and, since the electrode has not been in contact with AChE, is due to the well-known spontaneous hydrolysis of ATC. [32] The enzymatic activity of MIP-sensors after AChEloading and electropolymerization is ca. six times higher than for the NIP indicating the presence of active AChE in the film (Figure 2 ). After incubation of the MIP in glycine-HCl buffer the oxidation current of thiocholine is decreased to a level close to that of the NIP. The same treatment of AChE in solution resulted in a comparable decrease of enzymatic activity. Therefore to confirm that the loss of activity is indicative of the template removal and it is not solely an inactivation of the surface bound enzymes, rebinding experiments with topographic AFM and substrate conversion measurements were performed in parallel. As shown in Figure 2 by incubation of the MIP in AChE containing solutions (50 µg mL -1 ) the enzyme activity was regained, confirming in agreement with the AFM experiments ( Figure S3 ) the rebinding of AChE to the binding sites of the electropolymerized MIPs. The latter statement is further supported by the fact that the NIP-response did not change significantly during template-removal-rebinding cycles, implying a low non-specific binding of AChE to the electropolymerized ProDOT-COOH surface.
The detection of the target rebinding by measuring the electroactive product of the enzymatic reaction is more specific and convenient than to evaluate changes in the surface loading by other electrochemical means (e.g. redox marker permeation) or by mass-sensitive transducers, e.g., surface plasmon resonance or QCM. However, the latter techniques are compatible with the proposed hybrid nanofilm system and can be considered for template proteins that cannot be detected through their inherent catalytic activity.
The recovery of the enzymatic activity by binding of the target to inactivated AChE which remains entrapped in the MIP by so called template-template interaction is not likely to be significant based on the AFM experiments, which show evidence for target removal and based on the thickness of the AChE layer suggest that the binding is constricted to a monolayer. However, lateral clustering around the bound and active AChE molecules cannot be excluded. [33, 34, 22] In order to quantitate the concentration dependence of the AChE rebinding to the MIP the oxidation current of ATC after incubation in different AChE-concentrations was measured ( Figure 3 ). Starting at the value of spontaneous hydrolysis the current increased with the AChE concentration approaching saturation above 100 µg mL -1 . In contrast, for the NIP-sensors after equal treatment the current hardly exceeded the level of spontaneous ATC hydrolysis. The significantly higher surface activity upon template rebinding of AChE on the MIP as compared to the NIP at all concentrations confirms the formation of AChE-specific binding sites during imprinting. The imprinting factor (IF), defined as the ratio of the AChE activity of the MIP and NIP film, respectively, was calculated to be 5.3, based on the oxidation currents at 100 µg mL -1 AChE concentration. Taking into account the self-hydrolysis of ATC, the blank-value-adjusted IF increases to 9.9, which is among the best values reported for protein [ [35] [36] [37] [38] In order to characterize the contribution of the interaction of the AChE via its PAS we performed binding experiments in presence of two inhibitors with both the Prop-SAM and Prop-SAM/MIP. The reversible ligand propidium (MW: 668.4 Da) as well as the amyloid-β-peptide Aβ42 (peptide of 42 amino acids, MW: 4330 Da), which is known to bind to a hydrophobic area close to the peripheral anionic binding site, were applied as competitors in solution for AChE binding. [37, 38] For this reason Prop-SAM and Prop-SAM/MIP films were incubated in mixtures of one of the inhibitors and AChE and the resulting enzymatic activity of the films was evaluated in a separate solution containing ATC. For the PAS-specific inhibitor propidium and the peptide Aβ42, the Prop-SAM modified electrode and the Prop-SAM/MIP structure showed similar trends of the decrease in enzymatic activity. It approached the value of spontaneous hydrolysis ( Figure 4 ) whilst in solution AChE is only partially inhibited by propidium. [22, 39] 
Conclusions
The congruent effects of the PAS binding inhibitors propidium and Aβ42 on the binding of AChE to These results clearly demonstrate the synergism of the hybrid Prop-SAM/MIP films providing the prerequisites to enable their application in complex protein containing samples. In conclusion, the new hierarchical hybrid architecture provides a threefold selectivity gain by (i) the propidium-SAM, (ii) "shape-specific" MIP and (iii) signal generation only by the AChE bound to the nanofilm. Thus the approach proposed is likely to be feasible for assessing AChE activity levels in CSF.
Experimental Section
Before preparation of the MIP, clean gold wires were incubated in lipoic acid ( 
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